A new fireball configuration has been developed which produces vircator-like instabilities. Electrons are injected through a transparent anode into a spherical plasma volume. Strong high-frequency oscillations with period corresponding to the electron transit time through the sphere are observed. The frequency is below the electron plasma frequency, hence does not involve plasma eigenmodes. The sphere does not support electromagnetic eigenmodes at the instability frequency. However, the rf oscillations on the gridded anode create electron bunches which reinforce the grid oscillation after one transit time or rf period, which leads to an absolute instability. Various properties of the instability are demonstrated and differences to the sheath-plasma instability are pointed out, one of which is a relatively high conversion efficiency from dc to rf power. Nonlinear effects are described in a companion paper ͓R. L. Stenzel et al., Phys. Plasmas 18, 012105 ͑2011͔͒.
I. INTRODUCTION
Electron transit-time or inertial instabilities have been studied for a long time. Such instabilities can arise when the electron transit time across a resonant structure corresponds to the rf period. Early research was done in vacuum tube devices such as a diode incorporated into a microwave resonator producing monotron oscillations.
1-3 Related devices include klystrons and traveling wave tubes. Vircator reflex oscillations are also transit-time instabilities based on the same principle as reflex klystrons. 4 However, the reflecting electrode is replaced by a space charge layer, a "virtual cathode," produced by a high current relativistic electron beam. In plasma physics, transit-time instabilities can occur in electron-rich sheaths of electrodes, producing a sheathplasma instability near the electron plasma frequency. 5 Even the basic beam-plasma instability can also be understood as a transit-time instability, where the electron transit time through one wavelength corresponds to the instability period which can create a positive feedback between particles and wave.
Fireballs are ionization phenomena near positively biased conductors in plasmas. They have been first observed in connection with plasma sheath investigations. 6 Further attention arose in connection with ionization double layers. 7 Many subsequent studies have been concerned with the physics of spherical fireballs, [8] [9] [10] [11] [12] [13] in particular, the nonlinear properties of fireballs. 14, 15 Most of the previous experiments created fireballs with solid conductors of plane, cylindrical, or spherical shape. The fireballs form outside the conductor. The fireball size and position depend on several parameters, which control the production and loss of particles in the fireball. The double layer at the fireball boundary has usually a potential drop close to the ionization potential.
In order to control the size and position of a fireball, we have modified the electrodes. First, two parallel plane electrodes were used which trapped the fireball between them.
Then we used a cylindrical electrode which formed a fireball inside the cylinder. Finally, we built a spherical electrode and produced a fireball inside the sphere which, of course, was made of a highly transparent grid. This trapped or "inverted" fireball will be described in this paper. Particular attention will be focused on a very strong high-frequency instability observed inside the inverted fireball. It has many similarities to the vircator reflex instability 4, [16] [17] [18] [19] [20] [21] [22] [23] [24] but has also significant differences. Similarities include the instability mechanism of a transit-time effect, i.e., the frequency is determined by the transit time of the electrons through the fireball. Differences include the absence of a negative space charge layer and that the sphere does not support electromagnetic or plasma waves at the instability frequency. The spherical geometry produces counterstreaming electrons which is analogous to electron reflection from a negative space charge layer or a negatively biased electrode. The instability is extremely strong in comparison to the sheath-plasma instability, which is also observed. Many properties of the instability will be presented in this and a companion paper. 25 The paper is organized as follows. After describing the experimental setup in Sec. II, the observations of the instability properties are presented in subsections in Sec. III A-III E and summarized in Sec. IV.
II. EXPERIMENTAL ARRANGEMENT
The experiments are performed in two similar plasma devices, one at UCLA and one at Innsbruck, shown schematically in Fig. 1͑a͒ . These produce unmagnetized dc discharge plasmas in a parameter regime of electron density n e Ӎ 10 8¯1 0 9 cm −3 , electron temperature kT e Ӎ 4 eV, argon gas pressure p Ӎ 10 −5¯1 0 −3 mbar, discharge voltage V dis =30¯200 V and current I dis Ӎ 0.1¯1 A, and dimensions of 45 cm diam, 100 cm length. Two types of filamentary cathodes have been used: standard incandescent tungsten wires ͑0.2 mm diam, 5 cm long͒ and barium-oxide coated nickel wires ͑5 cm long͒. The former have a temperature-limited emission, i.e., the cathode current is nearly independent of cathode voltage, while the latter have a space-charge-limited emission, where I dis progressively increases with V dis or plasma potential. The fireball electrode is biased either with a constant dc voltage or pulsed with a fast-rise ͑100 ns͒ transistor switch.
Plasma diagnostics consist of movable Langmuir probes, one of which is fed by a coaxial cable and serves to detect rf potential variations with respect to ground. The data acquisition was performed with a digital oscilloscope ͑4 channel, 2 GHz, Ͻ10 6 samples͒. The light from fireballs is recorded with a photodiode and a digital camera.
Fireballs are usually formed with positively biased electrodes such as solid disks, cylinders, or spheres.
14 The fireballs form outside the electrode. In the present experiments, a new mode of fireballs has been developed, termed "inverted fireball." An inverted fireball forms inside a hollow spherical anode, made of a highly transparent grid. Two spheres of approximately 5 and 10 cm diam have been constructed by spot welding 0.2 mm diam Ta wire with approximately 6 mm spacing. Figure 1͑b͒ shows schematically some equipotential lines when the grid is biased positively. Each wire is surrounded by an electron-rich sheath. When the wire spacing and Debye lengths are comparable, the sheaths overlap and form approximately spherical equipotential surfaces. The plasma potential inside the sphere is positive relative to the ambient plasma potential. The potential drop across the gaps of the grid forms a double layer. Electrons are accelerated into the fireball while ions are ejected from the fireball. Similarities and differences to open fireballs will be discussed below.
III. EXPERIMENTAL RESULTS

A. Inverted fireball properties
Fireballs form in a limited parameter regime where electron acceleration and ionization can occur. A positively biased electrode is required to accelerate electrons above the ionization potential ͑15.7 eV in Ar͒. Ionization in an electron-rich sheath leads to sheath expansion and the formation of a double layer at the boundary of the fireball. If the outflow of ions is balanced by ionization a steady-state double layer is formed. The double layer potential drop is close to the ionization potential. In an inverted fireball, the grid usually forms the boundary of the fireball. Figure 2͑a͒ shows a picture of an inverted fireball at low neutral pressures. The grid is biased positively, collects electrons, which raises the plasma potential inside the sphere. The plasma potential establishes equal electron and ion losses so as to maintain charge neutrality. Drawing electrons from the grid must be balanced by an enhanced ion loss, which is accomplished by a potential rise in the fireball leading to ion ejection. When ionization balances the loss of ions, a steady-state fireball is maintained. This requirement also determines the plasma potential inside the fireball. At low neutral densities, sufficient ionization requires electron energies well above the ionization energy since the ionization cross section increases with energy. At higher neutral pressures, the potential drop decreases to just above the ionization. When seen in color, the Argon fireball changes from blue to white with decreasing electron energy. The fireball may also expand beyond the grid boundary. Finally, at higher pressures and/or plasma densities, the Debye length becomes so small that the grid does not establish a spherical equipotential surface but only a thin sheath around each wire. The accelerated electrons inside the sheath are collected and their energy is dissipated in the wire causing it to glow, as shown in Fig. 2͑c͒ .
Langmuir probe measurements in an inverted fireball are shown in Fig. 3 . First, the plasma properties in the center of the fireball ͑r =0͒ have been investigated for different grid voltages. Figure 3͑a͒ shows that with increasing V grid , the plasma potential shifts positive but generally remains below V grid . The traces reveal a tail of energetic electrons as well as a population of low energy electrons just below the plasma potential. Figure 3͑b͒ shows probe traces inside and outside the fireball at the same grid voltage. The current is displayed on a logarithmic scale and both ion currents and energetic electron current contributions have been subtracted. Straightline fits are used to determine the plasma potentials. The difference of plasma potential inside and outside the fireball is ⌬⌽ Ӎ 57 V, which is much higher than that of typical fireballs ͑15 V͒.
The fact that the plasma potential is positive inside the fireball shows that no virtual cathode is formed. However, the electron distribution is similar to that in a vircator or reflex klystron. Electrons are injected radially into the fireball. After passing through the center, they diverge radially outward forming counterstreaming electron populations. Due to the high transparency of the anode, most electrons pass through the grid, lose energy, and return to the ambient plasma. In steady-state the spherical fireball cannot have a radial current. Since the grid is positive all ions are ejected radially. A corresponding number of electrons must be lost to the grid. From the measured fireball plasma parameters, the ion current through the surface of a 10 cm diam sphere is I ion Ӎ 82 mA, comparable to the current collected by the grid, I grid Ӎ 120 mA at V grid Ӎ 100 V. The grid collects electrons from both the ambient plasma and the fireball. If all the electrons entering the spherical surface area 4r 2 = 314 cm 2 were collected, the current would be I el Ӎ 1.7 A, which confirms that most of the electrons just traverse the fireball. Consequently, the double layer between the grid wires is essentially current free. It does not obey the Bohm criterion I e / I i = ͑m i / m e ͒ 1/2 but the stability of the double layer is provided by the rigid grid.
It should be pointed out that the above consideration only applies to the time-average conditions. In the presence of the strong transit-time instability discussed below, potentials and currents can oscillate with amplitudes comparable to the dc values which changes many considerations.
B. Instability properties
When the spherical grid is biased positively, the grid current develops high-frequency fluctuations above a certain threshold. By inserting a rf transformer into the current path, the fluctuations have been observed in the time and frequency domain. Two characteristic instabilities can be identified: the sheath-plasma instability and the fireball transittime instability. Figure 4 shows the distinction between these two instabilities: the fireball instability has a very large amplitude compared to the sheath-plasma instability ͑see inset͒. The frequency of the sheath-plasma instability is proportional to the electron plasma frequency while the fireball instability is nearly density independent. Since the sheathplasma instability has been studied before, we now focus on the transit-time instability of the inverted fireball. The frequency is determined by the transit time through a resonant structure, i.e., it depends on electron velocity and size of the fireball, f ϰ v el / d grid . The former can be varied by the grid velocity. But since the grid current is comparable to the discharge current, varying the grid voltage also affects the discharge properties. For example, increasing the grid voltage raises the plasma potential not only inside the fireball but also in the ambient discharge plasma such that v el does not simply scale as V grid 1/2 . Figure 5 displays the dependence of instability frequency and amplitude versus grid voltage. The frequency increases with V grid but the accelerating double layer potential rises less than V grid . The increase in the ambient plasma potential also increases the discharge current of the space-charge-limited cathode, thereby raising the plasma density and grid current. While the density increase has little influence on the frequency, it does affect the amplitude. As the density increases, the Debye lengths decrease and the gaps between the grid wires become too wide to form the spherical equipotential surface. The fireball vanishes ͓see Fig. 2͑c͔͒ and so does the instability. The instability also has a threshold ͓V grid,min Ӎ 60 V͔ below which no oscillations are excited. The threshold is above the potential drop of ordinary fireballs and no transit-time oscillations have been found yet.
Two spheres with different diameters have been built. Figure 6 shows that the smaller sphere oscillates at a higher frequency than the larger sphere. The frequency ratio is not given by the size ratio because a higher voltage was applied to the 5 cm diam sphere. Using the scaling from 
C. Spatial and temporal dependencies
A movable rf probe has been used to measure the radial dependence of the rf oscillations inside the fireball. Figure 7 shows that the potential oscillations peak in the center of the sphere. This is in contrast to the sheath-plasma oscillations which peak near the grid. Phase and amplitude show no indications for radial waves with short wavelengths, which are not expected since the frequency is well below the electron plasma frequency. The only eigenmode could be the beam mode with dispersion = kv beam , in which case the rf profile could be interpreted as a fundamental radial standing wave in spherical geometry. In the companion paper, 25 it will be shown that higher order modes are also excited, which exhibit a minimum at the center and maxima off center.
The inset in Fig. 7 shows the method to study the time evolution of the instability. A fast-rise ͑t rise Ӎ 100 ns͒ voltage pulse is applied to the grid and the time dependence of the oscillations in the grid current and rf probe signal is recorded. These reveal the changes in the plasma parameters due to the fireball, the formation and decay of the potential structure, and of the transit-time instability. It will be shown that the instability may be present in the transient phase but not in steady-state. Vice versa, the instability is absent just after the turn-on of the grid voltage since the double layer forms on an ion time scale as explained below. Finally, it should be pointed out that the ac grid current is not a conduction current but primarily a displacement current. This is evident from the large current spike at the voltage turn-on and a similar one of opposite sign at the turn-off. These are capacitive currents I = CdV / dt due to the sheath and stray capacitances. In the presence of the transit-time instability, the grid voltage oscillates rapidly which also produces large rf displacement current. Thus, the observed waveform for I grid does not imply a 100% modulation of the electron current. Figure 8͑a͒ shows the turn-on phase on an expanded time scale. Grid voltage and current have been smoothed to suppress the rf oscillations which are displayed in the signal from the rf probe in the center of the sphere. Also shown is the smoothed probe current to show the gradual change from electron to ion collection. The probe is terminated into 50 ⍀ without applying a bias to ground.
The instability onset is delayed for several microseconds with respect to the start of grid voltage and current. Furthermore, the plasma potential inside the sphere rises slowly compared to the voltage rise time. These slow changes occur on the time scale of ion motions over few millimeters, which is the dimension of grid spacing. In order to form an electron-rich sheath or double layer, the ions have to be displaced by several Debye lengths. This is the time scale to form a spherical equipotential surface, which allows the plasma potential to rise and the transit-time instability to develop.
The rf waveform has been sampled such that all frequencies are below the Nyquist limit ͓f Nyq =1/ ͑2t sample ͔͒. For successive 1 s intervals, a fast Fourier transform ͑FFT͒ has been performed. The inset of Fig. 8͑b͒ displays the temporal change of the instability frequency. The gradual frequency rise shows that the electron velocity, hence double layer potential, increases gradually. In steady-state the spectrum shows a single line and a small second harmonic line.
The explanation that the formation of the double layer requires ion expulsion from the grid spacing is supported by a double pulse experiment. As shown in Figs. 9͑a͒-9͑c͒ , two identical grid voltage pulses are applied successively with different delay times. For the first pulse, the instability delay time remains unchanged, t on,1 Ӎ 2.1 s ͓Fig. 9͑d͔͒. But for the second pulse, the instability onset depends on the pulse delay. After the end of the first pulse, ions begin to return into the space between the grid wires. The time scale for this process is ion Ӎ ␦r / c s Ӎ 2 s, where c s Ӎ 5 mm/ 3 ϫ 10 5 cm/ s is the sound speed and ␦r / Ӎ 6 mm is the wire spacing. The ion dynamics may also change the size of the second fireball since the spectrum of the second instability differs from that of the first as discussed below.
Useful information about the decay of the fireball can be obtained from the instability properties at the switch-off of the grid voltage. Figure 10͑a͒ shows the waveforms of the grid voltage and the oscillation at the rf probe. The grid voltage decays on a time scale shorter than the ion transit 
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Transit time instabilities in an inverted fireball. I. Phys. Plasmas 18, 012104 ͑2011͒ time through the double layer. The instability ceases when the grid voltage falls below the threshold voltage V grid Ӎ 60 V. But in spite of the large drop in grid voltage, the oscillation frequency remains constant. Here the frequency is determined from the slope of the phase versus time ͓Fig. 10͑b͔͒ since the time span is too short for a time-resolved FFT. The constant frequency implies a constant electron transit time, i.e., no change in the electron velocity and potential structure. The double layer potential structure is maintained until ions flow back into the gap between the grid wires. Prior to that, the fireball potential remains positive since an outflow of energetic electrons in excess of the ion outflow would charge the fireball positively. Figure 11 shows a different behavior when the grid voltage is switched off slowly compared to the potential relaxation time. Grid current and voltage are nearly proportional, the probe "dc" current changes from ion to electron collection as the plasma potential decays in the fireball. The rf amplitude has a maximum at an intermediate double layer potential, as also noticed in Figs. 5 and 8. The instability frequency decreases with V grid and for low voltages scales as f ϰ V grid 1/2 , which is expected if the double layer potential follows V grid .
D. Beat modes
The inverted fireball has also been observed to oscillate simultaneously at two different frequencies. For example, in the double pulse experiments the instability of the second pulse can exhibit a beat phenomenon which is not seen for the first pulse ͓see Fig. 9͑c͔͒ . It suggests that the first pulse modifies the density profile such that the second fireball is not spherically symmetric, which can also be seen visually ͓Fig. 2͑b͔͒. If the transit time differs along two orthogonal axes, the fireball will oscillate at two different frequencies, which produces a beat phenomenon in the time domain ͓Fig. 12͑a͔͒ or two spectral lines in the frequency domain ͓Fig. 2͑b͔͒. The upper frequency coincides with that produced in the first pulse. The lower frequency is due to a perturbation, for example, ion expulsion, which temporarily expands the sphere and increases the transit time. The beat frequency ͑⌬f Ӎ 7 MHz͒ is well above the ion plasma frequency, hence not due to ion oscillations.
Beat amplitude and frequency depend on pulse separation, as shown in the inset. The beat phenomenon arises and changes on an ionic time scale ͑t ӷ 2 / pi Ӎ 1 s͒. Al- though the electron transit time does not directly depend on density, the latter may affect the fireball geometry and thereby create the frequency shifts.
E. Frequency locking and dc-rf conversion efficiency
Although the spherical electrode is not an electromagnetic cavity, it forms a resonant structure for the only eigenmode of the system, the longitudinal space charge wave on an electron beam. The beam is created at the double layer by a radial electric field. Outside the fireball, there is no beam, no eigenmode, and the field is evanescent. When the grid voltage oscillates, it modulates the electron velocity, which creates beam bunching and a radial longitudinal electric field. When the electron transit time through the sphere corresponds to a rf period, the electron space charge field enhances the grid potential which creates an absolute instability.
The rf grid voltage plays a crucial role as the boundary condition of the instability. Since rf voltage and current not only depend on the plasma parameters but also on the impedance between electrode and ground, the instability can be influenced by the external circuit. It has been observed that a parallel resonant circuit between the grid and ground ͑with suitable dc bypass͒ can be used to determine frequency and boundary conditions. Figure 13͑a͒ shows schematically the experimental arrangement and the resultant instability spectrum. The instability occurs at the resonance frequency of the external circuit, which may differ from the natural transit-time instability. The spectrum exhibits a ␦-function line. Thus, the instability has been locked and can be tuned over a limited range away from the natural instability frequency.
Tuning the resonant circuit affects the rf voltage and current of the grid, as shown in Fig. 13͑b͒ . When the circuit resonance is tuned to the natural transit-time frequency ͑Ӎ61 MHz͒, the grid voltage assumes a maximum and the current has a minimum, hence the impedance Z = V grid,rf / V grid,rf peaks. Note that this is the source impedance, not the resonant circuit impedance, which always peaks at the frequency it is tuned to. The grid current exhibits a maximum at a lower frequency ͑Ӎ55 MHz͒ where the rf voltage is small.
At resonance, the rf grid voltage has a peak-to-peak voltage comparable to the dc voltage. The net rf current is small compared to the dc current. The displacement current is negligible when the plasma potential and grid potential are essentially identical. As the circuit frequency is lowered, the source characteristics change from a voltage source to a current source, i.e., the rf grid voltage vanishes while the grid current peaks. The peak-to-peak current exceeds the dc current, implying that the current temporarily reverses sign. Ion 
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Transit time instabilities in an inverted fireball. I. Phys. Plasmas 18, 012104 ͑2011͒ collection cannot account for the current, hence it is a displacement current created by an oscillating plasma potential relative to the grounded grid. The rf current between the sphere and ground must close outside the sphere through the ambient plasma. Local rf magnetic fields must be produced but do not excite electromagnetic waves since they are evanescent. A frequent question in oscillator applications is the efficiency of converting dc power to rf power. For this purpose, a resistor has been placed in parallel with the resonant circuit. For matching purpose, its value is chosen to be the ratio of open loop voltage to short circuit current ͑50 V / 40 mA Ӎ 1.25 k⍀͒. The measured rf power was found to be ͗P rf ͘ = V rf,rms 2 / R =28 2 / 1250= 0.63 W for a dc power P dc = V grid,dc I grid,dc = 140 V ϫ 86 mA= 12 W, which yields a conversion efficiency = P rf / P dc Ӎ 5.3%.
IV. SUMMARY AND CONCLUSIONS
A new fireball configuration has been developed. It is formed by a highly transparent spherical anode, immersed in a dc discharge plasma, and biased positively. Electrons are injected into the sphere and ionize the gas which compensates for the loss of ions ejected from the spherical plasma. At low pressures, the potential drop between the spherical plasma and the ambient plasma is well above the ionization potential which differs from previous fireballs.
The injection of counterstreaming electrons gives rise to a high-frequency instability with a similar mechanism as in reflex klystrons or vircators. The instability has a period given by the electron transit time through the sphere. The electrons bunch due to the modulation by a rf electric field in the double layer at the fireball boundary. The electron bunches reinforce the electric field and an absolute instability develops. The frequency of the instability can be stabilized and tuned by inserting a resonant circuit between the grid and ground. Growth and decay of the fireball potentials have been inferred from the properties of the transit-time instability. Further properties such as frequency jumps, multiple eigenmodes, and nonlinear harmonic generation will be described in a companion paper. 
